A well defined relationship connecting settling velocity with sediment geometry and ambient properties is an essential pre-requisite for coastal and hydraulic engineering studies. An established relationship for settling velocity of sandy particles assuming spherical shape geometry is available in the literature. In reality, the sediment particles need not be spherical at all times, which influences settling velocity that is strongly biased to the drag coefficient. Based on quantitative comparison with measured data collected at Oahu Islands located in the Hawaiian archipelago, USA this work provides a relationship between drag coefficient and particle shape factor for sand grains viz; sand, sandy loam and fine sandy loam typically found in coastal environment (typical size ranges from 0.05 to 2.0 mm). The particle Reynolds number and shape factor are evaluated for each grain. The drag coefficient evaluated as function of nominal diameter and Reynolds number show a positive correlation over a wide range of shape factors used in this study. A comprehensive correlation has been developed of the drag coefficient for non-spherical particles as a function of Reynolds number and particle shape. Further a regression analysis was performed on the functional dependence of drag coefficient on particle shape. Based on this study, it could be advocated the validity of Krumbien shape factor holds well for the above characterized grain size and various particle shapes considered. Hence, the settling velocity of particles has a functional dependence on estimated drag coefficient with important implications for modeling sediment transport and swash zone hydrodynamics.
INTRODUCTION
Settling velocity of naturally occurring sediment particles is the most important parameter which governs sediment transport in river, estuarine and coastal waters. In a river flow system, estimation of settling velocity determines the sediment suspension threshold and a measure in predicting the suspended sediment transport rate. In an estuarine environment the settling velocity is affected by many factors, most important being influence of astronomical tides. In coastal areas, sediment suspension and its settling velocity is governed by many dynamical process which includes combined effects of waves, currents and tides. Hence an accurate assessment of settling velocity for sediment particles is fundamental to model sediment suspension, mixing process and sediment transport in any coastal zone. For a single sand grain particle in isolation or under dilute suspension, the settling velocity is based on a balance between gravity and drag forces. The pioneering work of Dietrich (1982) expresses a fundamental relation which connects settling velocity as an explicit function of particle characteristics.
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International Journal of Ocean and Climate Systems However, the relation is good for particles which are spherical in nature. The work by Nielsen (1992) also accounts for particles which are similarly spherical in nature. There are several others like Fredsoe and Deigaard (1992) who advocates such relation for sand particles. For a particle motion in an incompressible and thermally homogeneous fluid, the settling velocity has dependence on Reynolds number which is again a function of the particle shape. One can find a comprehensive listing of empirical relations connecting the drag coefficient (C D ) and Reynolds number for spherical particles in the work of Clift et al (1978) . In addition, empirical relations for cylindrical shaped particles are listed in the work of Gabitto and Tsouris (2008) . For Reynolds number < 0.5 the Stoke's law for a settling sphere is valid and in such a case C D @ 24/R e (White, 1974) . For a nonspherical particle, the drag coefficient is a complicated function of both shape and Reynolds number. Based on the arguments of Graf (1971) , Komar and Reimers (1978) this function necessarily needs to be determined empirically. Since the settling velocity is a function of shape, the coefficient which adequately describes the shape and how it departs from spherical is an essential pre-requisite. The effect of shape on the settling velocity of natural particles has been earlier investigated by several researchers. Some of this work includes definition of Corey Shape Factor (CSF) on sediment grains by Komar and Reimers (1978) , studies on marine organisms such as foraminifera by Fok-Pun and Komar (1983) .
Based on literature review, it was evident that very few topical studies have been conducted for particle shape that is irregular in nature. In the present work, a review on all available shape factors as proposed by several researchers were compiled, for commonly occurring sandy particles in coastal areas. Also based on this study, the best possible relation connecting drag coefficient with shape factor was investigated by taking into account the bulk density of particles. In addition, study was conducted to understand the best possible relation connecting drag coefficient and shape factor for a wide spectrum of sandy particles in coastal regions viz; sandy, sandy loam and fine sandy loam particles. This study is expected to have wide applications in sedimentary and environmental analysis.
2. METHODOLOGY 2.1. Mathematical basis for balance of forces For a sediment particle settling with uniform velocity (w s ) in a quiescent fluid, the expression for drag coefficient (C D ) can be expressed in terms of balance between the drag force and force due to gravity. The drag force (F D ) can be then expressed as:
( 1) where, 'A' is the reference cross-section of the particle perpendicular to the direction of particle motion, and 'r' the density of fluid. The drag coefficient 'C D ' depends on the relative magnitude of inertial and viscous forces as expressed by the Reynolds number (R e ). In mathematical sense, it can be expressed as follows: (2) where, 'u' is the kinematic viscosity of the fluid and 'd n ' the nominal diameter of the particle . The force due to gravity on the settling velocity of particle can be expressed as: (3) where, r s and r are the densities of particle and fluid respectively and 'V' is the volume of particle. Under the balance of these forces, the drag coefficient for vertical movement of particle can be expressed as: 
Influence of particle geometry
The settling velocity of a particle is a function of its size, density and shape and ambient properties of the fluid. The settling velocity of smooth spherical grains can be predicted with a high degree of accuracy (Le Roux, 1992) . The problem is encountered in case of non-spherical grains particularly at high Reynolds number outside the Stokes range of settling velocity. Literature review suggests pioneering work on the effect of grain shape on settling velocity earlier investigated and reported in the work of Wadell (1932) and Rubey (1933) . The work of Krumbein (1942) , Baba and Komar (1981) illustrates the difference in settling velocities between a spherical and non-spherical particle with similar volume could be directly attributed to the deviation from sphericity, with grain roundness attributing a negligible role. The work of Le Roux (1996 Roux ( , 1997 compared different sphericity indices and concluded the shape entropy of Hofmann (1994) is best suited for predicting settling velocity of ellipsoidal grains. The shape entropy in their work is based on orthogonal axes of grain connecting short and long dimensions of rectangle enclosing the maximum projection plane of the particle and the longest axis of grain perpendicular to this surface. Based on earlier studies, it is evident that C D is a function of R e and shape of the sediment particle. It is also known that C D increases with irregularity in shape of the particle. As such there is no unified relation reported which exists for the settling velocity of particles having a wide range of particle dimensions. In the present work, the six popular geometric shape factors which assess the degree of deviation from spherical shape as reported by several researchers (Le Roux, 1997) are compiled. The six shape factors used in this study are function of short, intermediate and long axial diameter as listed in Table- 1. In this table, the notations 'a', 'b' and 'c' refers to the longest diameter, intermediate diameter and shortest diameter of the particle. In the Hofmann (1994) shape factor, the terms 'P a ', 'P b ' and 'P c ' are proportions of the long, intermediate and short axial diameter of the particle (for example, P a = a/a+b+c). 
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Data and methodology
In the present study, the diameter of particle on an average is assumed equal to the intermediate axial diameter (b) which can be generated using a uniform distribution. Using 'b' as the base, the long axial diameter (a) and short axial diameter (c) are calculated such that a > b > c, and the maximum tolerance limit does not exceed by ±5%. Such an approximation is believed to have a tolerance not exceeding the actual particle diameter, keeping under consideration the particle shape. Hence, one can approximate the volume of the particle to an equivalent spherical particle. The nominal diameter (d n ) in this case will be the equivalent diameter of sphere to the particle of volume (V). The nominal diameter (d n ) connecting the particle volume (V) can be expressed as:
( 5) The area (A) in terms of the projected area of sphere can be expressed as:
Also it is known that the specific gravity; influences the settling velocity of particles.
Soil is composed of particles that vary in size. The combination of various sized particles present creates the texture of the soil. One of the simplest way to classify the soil is by its texture. Hence, for computational purpose we use bulk density instead of the particle density. The bulk density referred here is the mass ratio of dry soil to its net volume (volume composition from both solids and void). The general relationship between soil texture, bulk density and porosity of soil is listed in Table- 
. Settling Velocity for Commonly Occurring Sand Particles
The shape of commonly occurring sandy particles tend to deviate from a spheroid. The increase in angularity could be attributed to the larger cross-sectional area directed perpendicular to the transport path and flow separation. This can lead to an increased drag for such sandy particles. The implication of this could be, sandy particles have lower settling velocity compared with a perfectly spheroid particle. Studies on settling velocity for natural sandy particles have been reported in the popular work of Dietrich (1982) . In their work, the settling velocity computations were made taking into account the Corey shape factor (CSF) and roundness of the particle. It should be noted here that the work of Dietrich (1982) gives the best solution for settling velocity of spherical particles and not for commonly occurring sand particles. The work of Cheng (1997) does not consider the shape and roundness of particles. On the contrary, the settling velocity formula of Cheng (1997) is over-estimated for spherical particles and under-estimated for round particles. In the present study, considering the case of low and high Reynolds number the formula proposed by Camenen (2007) has been used for the estimation of settling velocity. The formula used for the present study (Camenen, 2007) can be expressed as:
The drag coefficient (C D ) is inversely proportional to Reynolds number at low Reynolds number and remains a constant for high Reynolds number.
In equation [7] the coefficients 'A', 'B', and 'm' for the drag coefficient are expressed as function of shape factor and roundness 'P', using sinusoidal functions proposed by Camenen (2007): where, SF is the geometric shape factor and the value of roundness (P = 3.5) which fits for natural sediments has been used in this study.
Field Data Used for Study
The data used for the present study is from Oahu beach, USA located in the Hawaiian archipelago as shown in Figure-1 . The sediment sampling locations comprise representative areas from the North coast, Leeward coast, South coast and the Kailua bay. A total of 998 samples of calcareous sand grains from 13 beaches (Smith and Cheung, 2003) were used analysis in the present study. As seen in Figure-1 , the Kailua Bay is located on the north-east windward coast of Oahu (21°25'N; 157°43'W) in the Hawaiian archipelago. Meteorological and oceanographic studies in the Kailua bay indicate northeast onshore trade winds blow most of the time with speeds ranging from 10-25 knots in the summer months from April to September. These winds generate surface gravity waves of heights ranging from 1-3 meters and periods of 6-12 seconds. The sea-surface temperature (SST) during this summer months ranges from 25°C-28°C. On the other hand, during winter months (October-March), occasional storms developed in the north Pacific drives large swell waves to the North Coast of Oahu Island. These waves undergo transformation and refract into the Kailua Bay which amplify surface waves up to 4 m in height and periods ranging from 10-20 seconds. The SST during winter months generally range from 22°-25°C. The near-shore area of Kailua Bay comprises of carbonate sand beach spanning 3.5 Km in length having shallower depths typically less than 5 m. The geomorphologic features in the near-shore area are dominated by sand, rubble, fossil reef, calcareous sediments and marine algae such as Sargassum.
In general the beaches in Oahu Island are mainly composed of calcareous sand. The data samples used for the present study was obtained from 13 beaches in the swash zone. In Figure-1 , the beaches located along the north and west sides of Oahu Island are seasonally high energy beaches. These beaches experience rapid sediment loss during high wave activity and slowly recover during the summer months when the wave activity is slow. The beaches located along the east and south shores are low to medium energy beaches affected by the south swells (Smith and Cheung, 2002) . Previous study pertaining to beach sediment characteristics indicates that high energy beaches (north and west sides) tends to have coarser sediments with beach slope steeper than low energy beaches (Gerritsen, 1978) . As the samples collected from various sites off Oahu Island have different sediment characteristics, this provides an opportunity in a balanced way to represent sediment sizes commonly found in coastal areas of tropical beaches. The size range of collected samples along these 13 beaches varied from fine to very coarse calcareous grains. These 998 samples were subjected to laboratory analysis from which the basic information on three orthogonal dimensions (long, intermediate and short axis), settling velocity and density was obtained. The derived parameters include the nominal diameter, drag coefficient, Reynolds number and shape factor for each grain. The three principal orthogonal dimensions of each grain were measured using a dissecting microscope and settling velocity measured in a rectangular tank of fresh water maintained at 20°C. The measured densities for these 998 samples varied from 2.59-2.78 g cm -3 . 
RESULTS AND DISCUSSION
When soil particles are washed into streams and rivers, where and when they settle out will depend on the size and shape of the particle. The shape of the particle influences the mean velocity of the flow at which the particle on the bed moves, the settling velocity and stability of beaches and bed load. Settling velocity is a primary parameter having profound implications in governing sediment transport processes in a coastal environment. The settling velocity or the terminal velocity of a sediment particle is defined as the rate at which it settles in a still fluid. It is diagnostic of the grain size, but also sensitive to shape (roundness and sphericity) and density of the grain as well viscosity and density of the fluid. The Stoke's law for settling has been formulated considering the particle Reynolds number. The particle Reynolds number is used to define the boundary layer surrounding the grain whether it is laminar or turbulent, and depending on which the drag exerted around the grain is determined. It was later realized that many natural particles are too coarse for the Stoke's law to hold good as well as particles are not usually spheres. For small spherical particles settling at low velocities Stokes law holds good. A well defined relationship between settling velocity connecting sediment geometric and physical properties is very essential. Natural particles tend to have a lower settling velocity compared to perfectly spherical particles. By virtue of decrease in sphericity and increase in angularity the settling velocities are usually lower. Oblong particles which are less spherical tend to have lower settling velocity as the dominant cross-sectional area is directed perpendicular to the transport path. Also flow separation which increases drag is more likely to occur for non-spherical particles which may ultimately influence the settling path. In the present analysis, it is assumed that sediment particle is settling in still water and not influenced by other particles in the water. In the real marine environment, one can find sediment of varying diameter and shapes. Very fine particles tend to flocculate and form large dense groups. Hence consideration of the bulk density instead of particle density is valid. At high concentrations the flow of water around a particle can also result in an upward drag on the neighboring particles. As these effects become large enough, it can also prevent the settling of such particles. In this analysis, no such effects have been taken into consideration. Several investigators have established empirical and semi-empirical relationships for spheres which is valid within limited Reynolds number range (Goldstein, 1929; Gibbs et al, 1971) . However, for non-spherical particles there is a distinct lack of any analytical relationship. For small natural particles like sand there has been experimental work undertaken in the past to determine the terminal velocity (Hallermeier, 1981; Baba and Komar, 1981, Dietrich, 1982) . The Krumbein, Sneed and Folk, Corey shape factor and Hofmann's entropy factors are well cited examples for sphericity indices. These indices aim to assess the degree of deviation from standard spherical form. Based on the long, intermediate and short axial diameter of non-spherical particles the settling velocity in still water tends to orient with the long and intermediate axis normal to the direction of movement (Willetts & Rice, 1983) .
It could be advocated that the best method for defining the relationship between settling velocity and particle size are the equivalent diameters where the shape effects are effectively described by an intermediate diameter. Though many relationships on drag coefficient based on shape factors have been proposed by various researchers, there is no unified relation which exists today for a wide spectrum of sediment sizes. In this study an attempt is made to study the relationship for a non-spherical particle for varying sediment sizes. Figures 2, 3 and 4 show the relationship between drag coefficient and shape factors for sandy, sandy loam and very fine sandy loam particles commonly found in coastal environments. A summarized analysis of the statistics based on this study is listed in Table- Various statistical measures such as the correlation coefficient (r), sum of squares due to error (SSE), coefficient of determination (R-square), adjusted R-square value, and root mean squared error (RMSE) are listed for commonly occurring sandy particles viz; sandy, fine sandy loam and sandy loam found in coastal areas. In Table- 3, the SSE is a measure for the total deviation of the response values from the fit to the response values, which otherwise can also be termed the summed square of residuals. It could be interpreted that a value closer to zero has a small random error component which implies that the fit will be quite useful for prediction purpose. The R-Square value measures how well a fitted model describes the data. For example, In Table- 3, R-Square value 0.8561 means that the fit explains 85.61% of the total variation in the data about the average. In general, the estimated R-square value tends to over-estimate the strength of association if the model has more than one independent variable. Hence, the adjusted R-square value shown in Table- 3 uses R-square statistics adjusted based on the residual degrees of freedom. This makes the adjusted R-square statistics the best indicator of the fit quality. The value of adjusted R-square approaching close to 1 indicates a better fit. Figure-5 show the functional dependence of drag coefficient with various shape factors based on the measured data of 998 samples obtained from the Oahu Islands, Hawaii. From a comparative analysis between the proposed methodology and measured data, it could be noted that the Krumbien shape factor (KSF) could be used with confidence for commonly occurring sandy particles in coastal environment. 
CONCLUSION
The present study defines the influence of particle shape on the computed drag coefficient having implication on the settling velocity. Based on regression analysis we formulate the best-fit relation between the drag coefficient and the shape factor. The proposed methodology in obtaining a functional dependence between drag coefficient and various shape factors has been skill assessed with 998 samples of measured sediment size data located at 13 different beaches in the Oahu Island, Hawaii. Based on 
